A novel Gram-negative, aerobic, psychrotolerant, alkali-tolerant, heterotrophic and dimorphic prosthecate bacterium, designated strain TAR-001 T , was isolated from deep-sea floor sediment in Japan. Cells of this strain had a dimorphic life cycle and developed an adhesive stalk at a site not coincident with the centre of the cell pole, and the other type of cell, a swarm cell, had a polar flagellum. Colonies were glossy, viscous and yellowish-white in colour. The temperature, pH and salt concentration range for growth were 2-41 6C, pH 6.5-10.0 and 1-4 % (w/v) NaCl. Phylogenetic analysis based on 16S rRNA gene sequences confirmed that strain TAR-001 T belongs to the family Caulobacteraceae of the class Alphaproteobacteria, and lies between the genus Brevundimonas and the genus Caulobacter. Levels of similarity between the 16S rRNA gene sequence of strain TAR-001 T and those of the type strains of Brevundimonas species were 93.3-95.7 %; highest sequence similarity was with the type strain of Brevundimonas diminuta. Levels of sequence similarity between those of the type strains of Caulobacter species were 94.9-96.0 %; highest sequence similarity was with the type strain of Caulobacter mirabilis. The G+C content of strain TAR-001 T was 67.6 mol%. Q-10 was the major respiratory isoprenoid quinone. The major fatty acids were C18 : 1v7c and C16 : 0, and the presence of 1, Dimorphic prosthecate bacteria (DPB) show a characteristic reproduction event resulting in asymmetrical cells. These bacteria, which are typically aquatic chemo-organotrophs, produce two atypical cells; one is called a stalked cell possessing a prostheca with a holdfast at its distal tip, and the other is a motile cell with a polar flagellum, which is called a swarmer cell (Poindexter, 1981 (Poindexter, , 1999 Schmidt, 1981) . Daughter cells, which bear a single flagellum at the opposite cell pole, arise by asymmetrical division, and shed the flagellum and differentiate into stalked cells (Poindexter, 1999; Garrity et al., 2005) . On the basis of the morphology of the reproductive mode, there are two main types of DPB: one is the caulobacteria, which include the genera Caulobacter, Brevundimonas, Asticcacaulis, Phenylobacterium, Maricaulis and Woodsholea, and the other is the hyphomicrobia, which include the genera Hyphomicrobium, Pedomicrobium, Oceanicaulis, Henriciella and Hyphomonas (Poindexter, 1999; Abraham et al., 1999 Abraham et al., , 2004 Strömpl et al., 2003; Lee et al., 2011) . These bacteria are
Brevundimonas were higher than that of the genus Caulobacter. On the basis of polyphasic biological features and the 16S rRNA gene sequence comparison presented here, strain T is considered to represent a novel species of the genus Brevundimonas, for which the name Brevundimonas abyssalis sp. nov. is proposed; the type strain is TAR-001 T (5JCM 18150 T 5CECT 8073 T ).
Dimorphic prosthecate bacteria (DPB) show a characteristic reproduction event resulting in asymmetrical cells. These bacteria, which are typically aquatic chemo-organotrophs, produce two atypical cells; one is called a stalked cell possessing a prostheca with a holdfast at its distal tip, and the other is a motile cell with a polar flagellum, which is called a swarmer cell (Poindexter, 1981 (Poindexter, , 1999 Schmidt, 1981) . Daughter cells, which bear a single flagellum at the opposite cell pole, arise by asymmetrical division, and shed the flagellum and differentiate into stalked cells (Poindexter, 1999; Garrity et al., 2005) . On the basis of the morphology of the reproductive mode, there are two main types of DPB: one is the caulobacteria, which include the genera Caulobacter, Brevundimonas, Asticcacaulis, Phenylobacterium, Maricaulis and Woodsholea, and the other is the hyphomicrobia, which include the genera Hyphomicrobium, Pedomicrobium, Oceanicaulis, Henriciella and Hyphomonas (Poindexter, 1999; Abraham et al., 1999 Abraham et al., , 2004 Strömpl et al., 2003; Lee et al., 2011) . These bacteria are especially widespread in the aquatic realm, even though these are low-temperature environments and/or have poor nutrient levels (Poindexter, 1981 (Poindexter, , 1999 Staley et al., 1987) . The taxonomy of caulobacteria has depended on morphological criteria for many years; however, recently, a polyphasic approach including 16S rRNA gene sequencing and lipid analysis was adopted to analyse a large number of strains of these bacteria. On the other hand, 16S rRNA gene sequence analyses of Caulobacter leidyi CB37 T , which was described as a member of the genus Caulobacter, revealed that this strain is affiliated with the family Sphingomonadaceae (Chen et al., 2012) . This approach led to the description of the genus Brevundimonas as a new taxon in the 1990s. The genus Brevundimonas in the Alphaproteobacteria was proposed through the reclassification of two Pseudomonas species, Pseudomonas diminuta (Leifson & Hugh, 1954) and Pseudomonas vesicularis (Büsing et al., 1953) , as Brevundimonas diminuta and Brevundimonas vesicularis, respectively (Segers et al., 1994) . Subsequently, several Caulobacter species and subspecies were transferred to the genus Brevundimonas as Brevundimonas alba, B. aurantiaca, B. bacteroides, B. intermedia, B. subvibrioides and B. variabilis (Abraham et al., 1999) . Additionally, over a dozen Brevundimonas species, B. nasdae (Li et al., 2004) , B. mediterranea (Fritz et al., 2005) , B. kwangchunensis (Yoon et al., 2006a) , B. terrae (Yoon et al., 2006b) , B. aveniformis (Ryu et al., 2007) , B. lenta (Yoon et al., 2007) , B. naejangsanensis, B. bullata (Kang et al., 2009) , B. basaltis (Choi et al., 2010) , B. halotolerans, B. poindexterae, B. staleyi , B. vancanneytii and B. viscosa (Wang et al., 2012) , have been described or reclassified. In this study, we report on a novel Brevundimonas-like dimorphic prosthecate bacterial strain, TAR-001 T , which was isolated from a deep-subsea floor sediment sample at a depth of 11 m below the sea floor (mbsf) off the Shimokita Peninsula of Japan in the north-western Pacific Ocean (Site C9001: 1180 m water depth).
Sediment subsamples (0.1 g) were suspended in 5 ml artificial seawater (Nihon Pharmaceutical) containing 0.5 % (w/v) marine broth 2216 (MB; Difco). The suspension was incubated at 4 uC for 1 month for enrichment of psychrophilic bacteria. The enriched cell suspension was spread onto 1.5 % (w/v) agar plates containing basal seawater [BSW-2; 0.26 artificial seawater, 0.5 % (w/v) MB and 0.25 % (w/v) NaCl], the plates were incubated at 4 uC for 2 weeks, and strain TAR-001 T was isolated from the plates. The morphological, physiological and biochemical characteristics of strain TAR-001 T were investigated using routine cultivation on BSW-2 agar plates at 4 u C.
Genomic DNA of strain TAR-001 T was extracted and purified according to the method described by Wilson (1987) . PCR amplification of the 16S rRNA gene was performed using universal bacterial primers described by Lane (1991) with LA-Taq DNA polymerase (TaKaRa Bio). The purified PCR product was sequenced after TA-cloning using an ABI BigDye 3.1 sequencing kit (Applied Biosystems) and an ABI 3730XL automated DNA sequencer (Applied Biosystems); the nearly complete 16S rRNA gene sequence (1406 nt of strain TAR-001 T ) was determined. The result of a preliminary BLAST search against GenBank showed that the isolate was related to members of the family Caulobacteraceae. Multiple alignment of sequences was performed using ARB software (Ludwig et al., 2004; Kumar et al., 2005 Kumar et al., , 2006 , considering the secondary structure of the 16S rRNA gene. Phylogenetic analyses were carried out using the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximumlikelihood (Felsenstein, 1981) algorithms. A phylogenetic tree was constructed using the neighbour-joining algorithm and evolutionary distances were calculated using the model of Jukes & Cantor (1969) with Sphingomonas leidyi ATCC 15260 T (AJ227812) as an outgroup taxon. A bootstrap analysis (Felsenstein, 1985) was performed with 1000 resampled datasets to estimate tree topology (Fig. 1) .
The neighbour-joining tree based on 16S rRNA gene sequences indicated that strain T is located in the family Caulobacteraceae, and lies between the genus Brevundimonas and the genus Caulobacter. 16S rRNA gene sequence similarities between strain TAR-001 T and members of the genus Brevundimonas are given in Table S1 (in IJSEM Online). The 16S rRNA gene sequence of strain TAR-001 T retained loop 46 in the V8 region, which is characteristic for Caulobacter, Asticcacaulis and Phenylobacterium species, whereas Brevundimonas species except for B. aveniformis EMB102 T lack this region.
To certify whether strain TAR-001 T belongs to the genus Caulobacter or the genus Brevundimonas or whether it represents a novel genus, DNA-DNA hybridization experiments between strain TAR-001 T and its four closest phylogenetic neighbours (Caulobacter mirabilis FWC 38 T , 15.3-16.9 %), whereas those between strain TAR-001
T the type strains of the two Caulobacter species were 9.6-15.7 % (i.e. C. mirabilis FWC 38 T , 13.5-15.7 %; C. vibrioides CB51 T , 9.6-12.5 %).
Cell morphology was observed under a light microscope equipped with phase-contrast optics (magnification 6400) (Olympus). Motility was assayed in a semi-solid BSW-2 agar tube supplemented with 0.3 % agar. Cells were inoculated by stabbing with a straight needle and the tube was incubated at 4 u C for 2 weeks. The external structure of strain TAR-001 T was checked with a JSM-6700F scanning electron microscope (JEOL) and is shown in Fig.  2 . This strain was observed to have dimorphic, prosthecate cells. One type is a 'stalk cell', which has a 'holdfast' apparatus and fixed by adhesive material segregated by the edge of the apparatus to the substrate. The other cell type is a 'swarm cell', which is motile by a polar flagellum. Stalk cells of strain TAR-001 T possessed adhesive material at the stalk terminus, which fixed the cell in favourable environments or facilitated microbial aggregation. Gram staining was carried out using a Gram stain kit (Wako) according to the manufacturer's instructions. Growth at different temperatures (ranging from 0 to 50 u C, evaluated at 0, 2, 5, 8, 13, 20, 25, 30, 35, 38, 41, 44, 47 and 50 u C), at different pH values (pH 4-13 at intervals of 0.5 pH units) and in various salt concentrations [1-10 % (w/v) at intervals of 1.0 % salinity units] was tested on modified BSW-2 agar plates. Growth under anaerobic conditions was determined after incubation in an anaerobic chamber on BSW-2 and BSW-2 supplemented with nitrate, both prepared anaerobically using nitrogen. The decomposition of alginate was tested using media supplemented with 1 % (w/v) alginate (Tang et al., 2009) . Hydrolysis of casein, starch (Smibert & Krieg, 1994) , Tween 80, xanthine, hypoxanthine (Barrow & Feltham, 1993) , carboxymethylcellulose (CM-cellulose) (Rautela & Cowling, 1966) , aesculin (Swan, 1954) , xanthine and hypoxanthine (Barrow & Feltham, 1993) was, respectively, tested on BSW-2 agar plates supplemented with 0.5 % (w/v) skimmed milk, 0. 
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hypoxanthine. Degradation of L-tyrosine was tested on BSW-2 agar plates containing 0.5 % (w/v) L-tyrosine (Barrow & Feltham, 1993) .
Assimilation of various substrates was examined using a Biolog GN2 MicroPlate assay according to the manufacturer's instructions. Other physiological and biochemical properties were tested using the API 20NE kit (bioMérieux). Catalase activity was evaluated by observing oxygen bubble production in a 3 % (v/v) aqueous hydrogen peroxide solution. To assay enzyme activities, API ZYM tests (bioMérieux) were performed. Sensitivity to antibiotics was checked on BSW-2 plates using antibiotic discs (Becton, Dickinson and Company) containing: bacitracin, 10 IU; polymyxin B, 100 U; cephalothin, 30 mg; tetracycline, 30 mg; vancomycin, 30 mg; kanamycin, 30 mg; neomycin, 30 mg; lincomycin, 15 mg; streptomycin, 10 mg; novobiocin, 30 mg; gentamicin, 10 mg; rifampicin, 5 mg; chloramphenicol, 30 mg; erythromycin, 15 mg; ampicillin, 10 mg; carbenicillin, 100 mg and penicillin G, 10 U.
Growth of strain TAR-001 T was observed at temperatures between 2 and 40 u C, the optimum growth temperature being 20 u C, and at pH 6.5-10.0, the optimum being pH 7.0-8.0. Cells of strain TAR-001
T were approximately 1.5-4.0 mm long by 0.3-0.5 mm wide, Gram-negative and oxidase-and catalase-negative. Strain TAR-001 T was motile by means of a polar flagellum, as for other species of the family Caulobacteraceae. Growth under anaerobic conditions was not observed after 2 weeks of cultivation in BSW-2 at 4 u C. Differences in cultural, biochemical and biophysical assay results between strain TAR-001 T and the type strains of its phylogenetically most closely related Brevundimonas species are given in Table 1 and in the description of the novel species. The oxidation results for various substrates examined using a Biolog GN2 MicroPlate assay are presented in ) were determined using cells cultured in BSW-2 liquid medium at the exponential phase of growth at 20 u C and harvested. Analyses of isoprenoid quinones, polar lipids and cellular fatty acids were carried out referring to the methods described by Minnikin et al. (1977 Minnikin et al. ( , 1984 , Kroppenstedt (1985) and Nishijima et al. (1997) and compared with values obtained from the above five strains including strain TAR-001 T . Isoprenoid quinones were determined using an HPLC system (Waters 600 series; Nihon Waters) with a Cosmosil 5C 18 -PAQ (4.6 mm 6 150 mm) column (Nacalai Tesque). Polar lipids were separated by two-dimensional TLC with an aluminiumbacked silica gel plate (Merck no. 5514) in the solvent systems described by Ivanova et al. (2005) . The polar lipid composition was determined and compared with those of the four phylogenetically most closely related strains with an authentic sample. For detection, iodine (Merck) and molybdatophosphoric acid (Merck) for total lipids, Dittmer-Lester reagent (Merck) for phospholipids, ninhydrin reagent (Merck) for amino group lipids, Dragendorff reagent (Merck) for quaternary nitrogen, a-naphthol for glycolipids and periodate-Schiff reagent for glycerolipids were used. Spots of the image captured with the scanner were digitized based on their areas and intensities using ImageJ software (http://rsbweb.nih.gov/ij/). Subsequently, these glycolipid spots extracted from TLC plates were acidic hydrolysed to estimate the constituent sugar by LC-MS (LCQ Deca Xp plus; Thermo Scientific). Cellular fatty acids were saponified, methylated and extracted according to the protocol of the Sherlock Microbial Identification system (version 4.5; MIDI), and then the fatty acid methyl ester profile was determined by GC with reference to the TSBA40 Microbial Identification System (MIS) standard library.
Ubiquinone Q-10 was the predominant isoprenoid qui-
were the major polar lipid constitutions (Table S2 ). The cellular fatty acid profile of strain TAR-001 T consisted of straight-chain unsaturated fatty acids and saturated fatty acids, and small amounts of hydroxy fatty acids, a typical pattern for the genus Brevundimonas (Abraham et al., 1999 Li et al., 2004; Fritz et al., 2005; Yoon et al., 2006a Yoon et al., , b, 2007 Ryu et al., 2007; Kang et al., 2009; Choi et al., 2010; Wang et al., 2012) . The dominant cellular fatty acid of strain TAR-001 T and these two Brevundimonas strains was C18 : 1v7c. The fatty acid profiles of strain TAR-001 T and of four related strains (C. mirabilis FWC 38 T , C. vibrioides CB51 T , B. diminuta LMG 2089 T and B. aveniformis EMB102 T ) are given in Table S2 .
On the basis of the phenotypic features and phylogenetic evidence presented here, strain TAR-001 T represents a novel species of the genus Brevundimonas, for which the name Brevundimonas abyssalis sp. nov. is proposed.
Description of Brevundimonas abyssalis sp. nov.
Brevundimonas abyssalis [a.bys9sa.lis. L. n. abyssus an abyss, deep sea; L. fem. suff. -alis suffix denoting pertaining to; N.L. fem. adj. abyssalis pertaining to the abyssal depths of the ocean (approx. 1180 m) from which the type strain was isolated].
Gram-negative, aerobic, psychrotolerant, alkali-tolerant, heterotrophic and dimorphic prosthecate with cells approximately 1.5-4.0 mm in length and 0.3-0.5 mm in width. Colonies on BSW-2 agar plates after incubation for 2 weeks are round and yellowish-white in colour. Oxidase-and catalase-negative. Growth occurs at a temperature of 2-41 u C with optimum at 20 u C. Growth occurs at pH of 6.5-10.0, with an optimum at pH 7.0-8.0. Growth occurs on BSW-2 agar plates in the presence of 1-4 % (w/v) NaCl, with an optimum at 1-2 % (w/v) NaCl. H 2 S production, decomposition of alginate, and hydrolysis of casein, starch, Tween 80, CM-cellulose, xanthine and hypoxanthine are not observed, whereas weak hydrolysis of aesculin and degradation of L-tyrosine are observed. No identifiable growth is observed on carbohydrates (API 20NE), and acids are not produced from any substrate (GN2). In API ZYM tests, alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase, b-galactosidase are positive, esterase (C4), cystine arylamidase and a-galactosidase are weakly positive, while lipase (C14), bglucuronidase, a-glucosidase, b-glucosidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase are negative. In the API 20NE assay, hydrolysis of aesculin and b-galactosidase are weakly positive; however, nitrate/nitrite reduction, indole production, glucose fermentation, arginine hydrolase and urease are negative (Table 1) . Sensitive to vancomycin, kanamycin, neomycin, novobiocin, gentamicin and rifampicin, slightly sensitive to bacitracin, polymyxin B, tetracycline, streptomycin, chloramphenicol and cephalothin but resistant to erythromycin, ampicillin, penicillin G, (Table  S2) .
The type strain, TAR-001 T (5JCM 18150 T 5CECT 8073 T ), was isolated from deep-sea floor sediment at a depth of 11 mbsf off the Shimokita Peninsula of Japan. The G+C content of the genomic DNA of strain TAR-001
T is 67.6 mol%.
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